We evaluated the influence of light sources and photoperiod on blood physiological variables in four trials. In each trial, 720 1-d-old Ross × Ross 708 chicks were randomly distributed into 12 environmentally controlled rooms (30 males/30 females/room). The experimental design was a 4 × 3 factorial treatments consisting of four light sources [incandescent (ICD, standard), compact fluorescent, neutral light emitting diode, and cool poultry-specific-filtered LED] and three photoperiods [long/continuous (23L:1D), regular/intermittent (2L:2D), and short/non-intermittent (8L:16D)] from d8-d56 at 50% relative humidity. Birds were fed the same diet, while feed and water were provided ad libitum. Blood samples were collected from the brachial wing vein on d 14, 28, 42, and 56 of age and analyzed immediately. Light sources had significant (P ≤ 0.05) effects on body weight (BW), and some of the selected blood physiological indices except Hb, Hct, Ca 2+ angap, glucose, and corticosterone. Also, the photoperiods had significant (P ≤ 0.05) effects on BW and most of the selected blood physiological indices except HCO 3 − , angap, glucose, corticosterone, and T 4 . However, all these changes were still within the normal acid-base homeostasis and physiological ranges of this species. Acidbase regulation during the short photoperiod exposure had not deteriorated despite higher pCO 2 that consequently decreased blood pH, due to a respiratory acidosis. Plasma corticosterone and glucose concentrations were not affected by treatments, suggesting an absence of physiological stress. It was concluded that the three LED light bulbs evaluated could be suitable for replacement of ICD along with the regular/intermittent photoperiod. Commercial poultry facilities can thereby reduce energy costs and optimize production efficiency without compromising the welfare of broilers grown to heavy weights (>3 kg).
INTRODUCTION
Light is one of the most powerful exogenous microclimate factors in poultry production that influences body physiological functions, bird activity, behavior, immune response, and growth rate among others. Lighting programs have a central purpose of slowing the early growth rate of broilers that allows birds to achieve physiological maturity prior to maximal rate of muscle mass accretion. Based on the Energy Independence and Security Act (2007) , incandescent (ICD) light bulbs are being phased out from the USA marketplace, in favor of more energy-efficient lighting alternatives in poultry houses. Many new lighting technologies are currently being developed as potential replacements for ICD light sources, including compact fluorescent lamps (CFL) and light emitting diodes (LED), because they exceed efficiency requirements. In the past, broilers were commonly provided with continuous or near continuous illumination because most of the early photoperiodic studies showed that such regimens maximized feed intake and body weight (BW) gain, especially during the initial part of the growing period (Lewis and Morris, 2006) . Recent research has focused on restricting light regimens that improve productivity of broilers because the physical and energy expenditure activities are considerably lower during darkness, but also act as an indirect feed restriction management practice (Fidan et al., 2017; Rodrigues et al., 2018) .
It has been reported that stress responses are integrally involved with acid-base balance in a number of species (Sandercock et al., 2001; Parker et al., 2003; Olanrewaju et al., 2007) . Blood fluid homeostasis depends on the association between lung and kidney activities since both regulate most of the CO 2 and H + concentrations in the extracellular volume, whose total solutes consist almost entirely of Na + , Cl − , and bicarbonate ions (HCO 3 − ). Body electrolytes such as Na + , K + , Cl − concentrations, and acid-base balance are interconnected, and one or more of the electrolytes are usually increased or decreased in acid-base disturbances (Terzano et al., 2012) .
Hematological analyses along with other biochemical evaluations have been used to assess the health status of humans and animals including the chicken (Kral and Suchy, 2000; Olanrewaju et al., 2017) . The changes in some major blood variables are routinely used to determine various influences of environmental, nutritional, and pathological factors (Olanrewaju et al., 2017) . Changes in acid-base balance may signal early symptoms of disease and influence the early manifestation of clinical signs and therapeutic effectiveness in both domestic animals and humans (Gunnerson, 2005; Olanrewaju et al., 2006a) . The basal corticosterone levels that increase in response to stress have been found to be consistently and significantly higher in birds housed under UV-deficient lighting (Maddocks et al., 2001) . Stress responses are also integrally involved with acid-base balance in broilers (Sandercock et al., 2001; Olanrewaju et al., 2006a) .
We now have a good understanding of how new light sources alone (Olanrewaju et al., 2015c) or in combination with light intensity (Olanrewaju et al., 2016b) , as well as photoperiod in combination with light intensity using ICD (Olanrewaju et al., 2013; 2015b) affects blood physiological variables of broilers grown to heavy weights (>3 kg). However, our knowledge of the effects of the interaction of new light sources and photoperiod on the physiological responses of heavy broilers as well as the involvement of blood gases, electrolytes, and metabolites are shallow in comparison. Determination of these factors is essential in developing strategies that will enable us to maximize production efficiencies, reduce electricity consumption, and establish proper broiler health issues that are central to consumers, thereby continuing to make the poultry industry globally competitive. We recently reported the effects of light sources and photoperiod on growth performance, carcass characteristics, and welfare indices of broilers grown to heavy weights (Olanrewaju et al., 2018) . Therefore, the objective of the present study was to investigate the effects of light sources and photoperiod on blood physiological indices of broilers grown to heavy weights.
MATERIALS AND METHODS

Bird Husbandry
All procedures relating to the use of live birds in this study were approved by the USDA-ARS Animal Care and Use Committee at the Mississippi State location. In addition, unnecessary discomfort to the birds was also avoided by using proper housing and handling techniques of the FASS (2010). This experiment was repeated four times and in each, 720 (360 males and 360 females) 1-d-old Ross × Ross 708 chicks were purchased from a commercial hatchery. Upon arrival, the chicks were feather-sexed, group-weighed, and then randomly distributed into 12 environmentally controlled rooms (30 male and 30 female chicks/room). Each environmental room had a floor area of 2.3 m × 2.6 m (5.98 m 2 ) with a room volume of 14.95 m 3 (ceiling height = 2.5 m). The stocking density was 10.7 birds/m 2 (1 bird/ft 2 ), which resulted in a final stocking density of 52 kg/m 2 at the end of the trial. Each room contained approximately 7.62 cm depth of fresh pine shavings, tube feeders, and a 7-nipple watering system. Chicks were vaccinated for Marek's, Newcastle, and infectious bronchitis diseases at the hatchery. At 12 d of age, birds received a Gumboro vaccination via water administration. The chicks remained in their respective rooms from 1-d-old throughout the experimental period (1 to 56 d of age). All birds were fed the same diet throughout the study. Birds were provided a 4-phase feeding program (starter: 1 to 14 d; grower: 15 to 28 d; finisher: 29 to 42 d, and withdrawal: 43 to 56 d of age). Diets were formulated to meet NRC (1994) nutrient recommendations for each feeding phase. Starter feed was provided as crumbles, and subsequent feeds were provided as whole pellets. Feed and water were offered ad libitum. Temperature and relative humidity (RH) on d 1 were maintained at 32 ± 1.1
• C and 50% ± 5%, respectively, and RH was held constant across all treatments. Temperature was decreased as the birds progressed in age until 15.6
• C was reached at 49 d of age.
Experimental Treatments
A 4 × 3 factorial treatment structure was used to evaluate four light sources (ICD, 2010k, Standard; CFL, 2700k; Neutral-LED, 3500k; Cool-PSF-LED, 5000k) (Plymouth, MN) . The light sources were adjusted to equal intensity according to the spectral sensitivity of humans (Prescott and Wathes, 1999) . Light spectra of the light sources and ICD utilized in this study have been reported previously (Olanrewaju et al., 2016b) . Light intensity settings were verified from the center and four corners of each room at bird level (30 cm) using a precision photometer (LI-210, Li-Cor, Lincoln, NE) with a resolution of 0.025 lux according to human spectral sensitivity. This unit does rely on the CIE curve for human photopic vision. Field measurements used to set the treatments in this study were taken with the aforementioned Li-Cor instrument, thus replicating those conditions necessitating the use of the same intensity units (lux). The differences in perceived intensity are not substantial (20% to 25%), particularly at typical ranges for poultry housing (i.e., 25 clux = 17 lux) and the relative differences diminish as intensity is dimmed. The light bulbs were cleaned weekly in order to minimize dust build-up, which would otherwise reduce the intensity.
Measurements
Blood collections and chemical analyses: On d 14, 28, 42, and 56, blood samples were collected between 0800 and 0900 h on sampling day from the wing brachial vein of six (three male and three female chicks/room) randomly selected birds from each room. The birds were then returned to the appropriate rooms without unnecessary discomfort to the birds using proper housing and handling techniques, as described by the FASS (2010). All bleedings were completed within 45 s after birds were caught. Blood samples (3 mL) were collected directly into heparinized (50 IU/mL) monovette syringes and were drawn directly from the syringes into a blood gas electrolyte analyzer (ABL-80 CO-OX Flex, Radiometer America, Westlake, OH) for immediate analysis as described previously (Olanrewaju et al., 2016b) . The mean corpuscular hemoglobin concentration (McHc) and arterial oxygen saturation (SaO 2 ) were also calculated as described previously (Olanrewaju et al., 2016) . In addition, details regarding the plasma collection, plasma corticosterone, triiodothyronine (T 3 ) and thyroxine (T 4 ) concentrations measurement techniques can be found in Olanrewaju et al. (2016b) .
Statistical Analysis
The experimental design was a randomized complete block design, and four trials were conducted. Treatment structure was a 4 × 3 factorial arrangement with the main factors being four light sources (ICD, CFL, Neutral-LED, Cool-PSF-LED) and three photoperiods (long/continuous [23L:1D]; regular/intermittent [2L:2D], and short/non-intermittent [8L:16D], respectively). Individual sample data within each of the replicate units were averaged before analysis and data from the four trials were pooled and analyzed together. Analyses were conducted using the PROC MIXED procedure of SAS software (SAS Institute, 2013) . Trial was a random effect, whereas the light sources and photoperiod were the fixed effect. Room was considered the experimental unit and treatments were replicated over time. Rooms used were switched randomly between trials to remove room effects so that treatments were not confounded. Main effects of light sources, photoperiod, and the interaction of the two factors were tested. Means comparisons on d 14, 28, 42, and 56 were assessed by least significant differences and statements of significance were based on P ≤ 0.05 unless otherwise stated. Analyses of variance combined across days were performed to obtain treatment comparisons averaged across days and to test for treatment interactions with equal variances between days. In addition, ANOVAs for each of the sampling days of 2 wk interval was performed.
RESULTS
The combined main effects of light sources and photoperiod on major selected blood physiological variables are shown in Table 1 . In comparison with ICD light, birds in the CFL group had higher Na + (P ≤ 0.004) and Osmo (P ≤ 0.003), while birds reared under Neutral-LED light sources had lower pH (P ≤ 0.037), pO 2 (P ≤ 0.027), SaO 2 (P ≤ 0.034), and higher pCO 2 (P ≤ 0.007), K + (P ≤ 0.021). In comparison with ICD light, birds reared under Cool-PSF-LED light sources had higher BW (P ≤ 0.031), HCO 3 − (P ≤ 0.001), McHc (P ≤ 0.032) along with decreased SaO 2 (P ≤ 0.034), and T 3 concentrations. In addition, no main effects of light sources on Hb, Hct, Ca 2+ , angap, GLU, and CORT were observed. In comparison with long/continuous and regular/intermittent photoperiods, short/non-intermittent photoperiod significantly reduced BW (P ≤ 0.029), pH (P ≤ 0.003), pO 2 (P ≤ 0.000), sO 2 (P ≤ 0.000), Ca 2+ (P ≤ 0.001), Na + (P ≤ 0.002), K + (P ≤ 0.001), Cl − (P ≤ 0.002), Osmo (P ≤ 0.004), and T 3 along with significantly elevated pCO 2 (P ≤ 0.009), Hb (P ≤ 0.004), Hct (P ≤ 0.004), and McHc concentrations. In addition, there were no effects of photoperiod on HCO 3 − , glucose, anion gap, and T 4 . Plasma corticosterone was not affected by light source, photoperiod, or their interaction.
Unlike Table 1 , which has ANOVA combined effects of treatments over day, Tables 2 to 4 represented separate ANOVAs for each of the sampling days of 2 wk interval. The influence of light sources, photoperiod, and their interaction on whole blood pH and pCO 2 is presented in Table 2 . As shown in Table 2 , there was no main effect of light sources found on pH and pCO 2 in any of the sampling days. However, short/nonintermittent photoperiod significantly reduced blood pH on d 28 (P ≤ 0.008), 42 (P ≤ 0.003), and an increase in pCO 2 (P ≤ 0.028) on d 42 compared with long/continuous and regular/intermittent photoperiods. In addition, significant light sources × photoperiod interaction were noted on pH d 28 (P ≤ 0.005) and 42 (P ≤ 0.034), while similar interaction was observed on pCO 2 only on d 28 (P ≤ 0.001). Table 3 shows the effects of light sources, photoperiod, and their interaction on whole blood concentrations of pO 2 and SaO 2 . Birds reared under CFL had higher blood concentration of pO 2 on 56 (P ≤ 0.042) along with increased in blood concentration of SaO 2 on d 42 (P ≤ 0.044) in comparison with other new light sources. In comparison with long/continuous and regular/intermittent, short/non-intermittent significantly reduced blood concentration of pO 2 (P ≤ 0.018) and SaO 2 on d 56 (P ≤ 0.044). There was no light sources × photoperiod interaction for pO 2, but there was significant light sources × photoperiod interaction for SaO 2 on d 42 (P ≤ 0.048). Table 4 shows the influence of light sources and photoperiod and their interaction on blood concentrations of Ca 2+ and K + . In comparison with ICD, birds reared under Cool-PSF-LED had significantly reduced blood concentrations of Ca 2+ on d 56 (P ≤ 0.035). Furthermore, in comparison with ICD, birds reared under Cool-PSF-LED had significantly reduced blood concentrations of K + on d 14 (P ≤ 0.004), 28 (P < 0.020), and 42 (P ≤ 0.026). Also, short/non-intermittent photoperiod in comparison with long/continuous and regular/intermittent, significantly reduced blood Ca There was no light sources × photoperiod interaction on blood concentration of Na + and Cl − on any of the other sampling days. In addition, no effects of light sources, and photoperiod and their interaction were observed on HCO 3 − , glucose, anion gap, and plasma corticosterone concentrations on any of the sampling days (data not shown).
Discussion
The effects of light sources and photoperiod on blood physiological indices of broilers grown to heavy weights was investigated from the same birds included in a recent study (Olanrewaju et al., 2018) . The results under ANOVA combined over days (d 0 to d 56 of age) on effects of light sources and photoperiod in Table 1 indicated that in comparison with ICD light, CFL had higher Na + and Osmo; Neutral-LED sources had lower pH, pO 2 , SaO 2 , and higher pCO 2 and K + , while Cool-PSF-LED light sources had higher McHc and BW, but these physiological values were within normal ranges. Also, exposure of broilers to the short photoperiod significantly affected the acid-base balance. Broilers reared under short photoperiod with and without light sources had significantly increase in levels of pCO 2 , Hb, Hct, and McHc along with significantly decreased levels of BW, pH, pO 2 , SaO 2 , Ca 2+ , Na + , K + , Cl − , mOsm, and T 3 , in comparison with birds reared under long/continuous and regular/intermittent photoperiod under ANOVA combined over days on effects of light sources and photoperiod (d 0 to d 56 of age).
The acid-base status of poultry is challenged daily by environmental factors such as light, temperature, humidity, and air quality among others and they influence respiratory and metabolic activities. The primary organ systems used in acid-base homeostasis in birds are the lungs and kidneys, supported by the gastrointestinal tract and cardiovascular system (Braun, 1999; Burggren et al., 2016) . Disturbances in venous blood acid-base status in this study reflect respiratory acidosis due to significantly increased level of pCO 2 and decreased level of pH without effect on HCO 3 − (Wideman et al., 2000) . Increases in Hb and Hct, along with reduced blood oxygen saturation, as we observed in this study, may be related to the changes in respiratory rate and metabolic activity during the long dark period that is associated with hypoventilation and elevated pCO 2 under extreme short photoperiod conditions. Hypoxemia coincides with diminished oxygen saturation of the blood (Grillitsch et al., 2005) along with simultaneous increase in Hct that is a well-known physiological response to increase the oxygen-carrying capacity of blood (Luger et al., 2001) . These disruptions include reductions in the systemic arterial pO 2 , saturation of Hb with O 2 (HbO 2 ), and increased pCO 2 , leading to respiratory acidosis (Julian and Mirsalimi, 1992; Wideman et al., 2000) . Reduced pO 2 and sO 2 always indicate inadequate blood oxygenation (hypoxemia) which is the greater risk of hypoxia and consequent cell dysfunction and ultimately organ failure (Prakash and Madanmohan, 2006) .
Body fluid electrolyte concentrations, such as Na + , K + , and Cl − , and acid-base balance are interconnected and are associated with the condition producing either acidosis or alkalosis in mammals, which may also be true in birds (Terzano et al., 2012) . In the present study, we observed mixed respiratory acidosis-metabolic alkalosis due to significant hypoelectrolytes levels. The decrease in Na + concentration in birds reared under short photoperiod might be related to concurrent loss of Na + due to decreased extracellular fluid volume. In addition, decrease Cl − concentration may be interpreted to be secondary to a shift of Na + . Respiratory acidosis is closely linked to Cl − depletion, which leads to an increased reabsorption of HCO 3 − in the distal renal tubule in humans (Khanna and Kurtzman, 2001) and may also be possible in avians. In addition, changes in pH can alter the amount of Ca 2+ bound by proteins during respiratory acidosis or metabolic alkalosis, which in turn, alters ionized Ca 2+ levels leading to very low blood Ca 2+ . Higher blood Osmo observed in the present study may be associated with the higher blood Na + concentration, which is characterized by water shift from intra-cellular fluid to extra-cellular fluid as reported by Freda et al. (2004) . Sodium is the main determinant of plasma osmolality, and water moves toward body compartments with higher osmolality (Freda et al., 2004) . The pH of blood affects the distribution of ions throughout the body, and changes in pH may be associated with changes in ion concentration, which may have effects on body systems.
Thyroid hormones especially tri-iodothyronine (T 3 ) and thyroxine (T 4 ) are the most important humoral factors that influence all major metabolic pathways of protein, carbohydrates, and lipid metabolism, and are involved in the regulation of the basal metabolism of the majority of tissues including liver, heart, kidney, and brain among others. It is generally believed that T 4 is the predominant thyroid hormone in circulation, but it has little biological activity in comparison with physiological T 3 that has more metabolically active activities (Kim, 2010) . Plasma T 3 level of broilers reared under the long continuous photoperiod (23L:1D) in the present study was significantly higher than those of broilers reared under the regular/intermittent (2L:2D) and the short/non-intermittent (8L:16D) photoperiods. However, the short/non-intermittent photoperiod had the lowest level of T 3 . There was no effect of treatments on T 4 levels. This result agrees with the reports of Renden et al. (1994) , wherein higher T 3 was reported in broilers reared under a 18L:6D photoperiod compared with a 6L:18D lighting schedule. It has been reported that T 3 hormone is closely associated with feeding and is also a key factor influencing conversion of T 4 to T 3 with a diurnal pattern (McNabb, 2000) . Therefore the high level of T 3 in both the long continuous and the regular/intermittent photoperiod groups probably relates to feed intake during the light period. Therefore, the high level of T 3 in both the long continuous and the regular/intermittent photoperiod groups in comparison with short photoperiod may probably relates to significant different in BW in Table 1 that support the classical observations that thyroid hormones are involved in wide range of metabolic activities including the growth and any reduction in physiological levels of thyroid hormones may impair growth and development.
Concentrations of glucose and corticosterone among others have been suggested to be sensitive indicators of physiological responses in stressed broiler chickens (Puvadolperod and Thaxton, 2000; Olanrewaju et al., 2006a) . In this study, there were no effects of treatments on blood glucose, and plasma corticosterone concentrations, suggesting that these examined light sources, photoperiods, and their interaction did not present stressors to broilers grown to heavy weights.
It was concluded that the three light sources bulbs evaluated in this study could be suitable for replacement of ICD light source along with a regular/ intermittent photoperiod in commercial poultry facilities to reduce energy costs and optimize production efficiency without compromising the welfare of broilers grown to heavy weights.
